Abstract-The photoemission properties of thin diamond and fullerene films were investigated for advanced accelerator applications, using subpicosecond laser pulses at three different wavelengths (650, 325, and 217 nm). The quantum efficiency (QE) obtained at 217 nm with a boron-doped, p-type, (111) polycrystalline diamond film (2.6 lop4) was only five times smaller than the QE obtained with a mirror polished copper sample (1.3 . but more than nine times larger than the QE obtained with a pure diamond film or with natural diamond monocrystals. Similar results were obtained for the two-photon electron yields at 325 nm. The electron yields obtained with pure fullerene films were small and comparable to the ones observed with the pure diamond samples. With 650 nm pulses, the damage threshold of the (110) Type IIa natural diamond monocrystal (9.38 . lo4 pJ cmP2), defined here as the fluence leading to an onset of ion emission, was 25 times larger than the damage threshold for a copper sample (3.75 . lo3 pJ cm-'). The damage threshold of the boron-doped sample at the same wavelength was two times larger than that of copper. Damage thresholds with 325 nm pulses were lower, and with 217 nm pulses ion emission was observed at all fluences probably attributed to ablation of surface hydrocarbon contaminants. Results show that high-quality highboron concentration diamond films could be a good candidate for high-RF electron guns.
I. INTRODUCTION
AD10 frequency photoinjectors (RF guns) are commonly used to produce single high-energy (a few MeV) electron bunches or trains of electron bunches. In these devices, short ultraviolet (UV) laser pulses are incident on a photocathode to produce electrons by a one-photon photoelectric process. The electrons are born with a low energy (< 1 eV) and accelerated to MeV levels by the large electric field (~1 0 0 MV/m) of the resonant RF structure. The choice of the photocathode material depends on the following factors: its quantum efficiency (QE) at the available UV wavelength, its prompt response to the laser excitation, its behavior in the high-electric fields of the RF structure (conductivity, surface roughness, etc.), its optical damage threshold at the given wavelength, and its ability to maintain these characteristics in the long term when exposed to the RF gun environment (change of chemical and/or physical surface properties). Existing RF' guns use essentially two types of materials. The first type is metallic photocathodes (copper [l] , magnesium [2] , etc.) which are robust and prompt and have a relatively low work function (4 = 3-5 eV), but their measured QE's are only in the 10-5-10-3 range even at wavelengths as short as 213 nm [3] . The second type is alkali photocathodes [3] (CsI, Cs2Te, alkali halides, or CssSb, K3Sb, alkali antimonides) which exhibit a high QE ( 10-2-10-1) but require ultra-high vacuum (better than torr). These photocathodes have a QE that usually decreases over a short period of time (hours or days), and they need to be reconditioned or replaced periodically. However, in both cases the maximum charge obtained per pulse when placed in an RF gun is comparable, since the maximum charge is limited by space-charge effects. The issue of the promptness of the photoemission process resulting from femtosecond laser pulse illumination remains unaddressed, mainly due to the lack of methods available to measure femtosecond electron bunches. While many of the existing RF guns operate at low RF frequency (144 MHz, 1.3 GHz or 2.8 GHz), a higher RF frequency would allow for higher electric fields and higher accelerating gradients (~2 5 0 MV/m peak [4] ). A resonant cavity with a higher frequency would be smaller, and the laser spot size on the cathode would have to be decreased to preserve the electron optics characteristic of the structure. To obtain the same charge, the energy of the laser pulse would have to be kept constant (one-photon process), and the laser intensity incident on the cathode would increase with the square of the RF increase, leading to potential surface damage. Alternative materials suitable for photoemission in RF guns that have a high surface damage threshold are thus required. In this paper we investigate the photoemission properties of thin diamond and fullerene films using subpicosecond laser pulses at three different wavelengths (650, 325, and 217 nm) for such advanced accelerator applications.
Diamond has many extreme characteristics (Table I) . When pure, it is an insulator and has the lowest electrical conductivity of all materials, 22 orders of magnitude lower than that of copper. It is the hardest of all materials, has a heat conductivity 2.5 to 5 times higher than copper, and a thermal expansion coefficient comparable to that of Invar. It is a large bandgap insulator (5.45 eV), but its unreconstructed (1 11) surface exhibits negative electron affinity (NEA). Hydrogen plays a major role in the production of artificial diamond. The presence of hydrogen on the surface of (1 11) Type IIb natural diamond has been shown to be the cause of the NEA exhibited by plasma is an effective way to clean the surface of its hydrogen and to remove the NEA. The diamond conduction band lies only 0.35 eV below the vacuum level [6] . Diamond has been used as a thermionic emitter and as a cold cathode [7] . Field emission has been obtained fIom polycrystalline chemical vapor deposited (CVD) diamond films [8] by applying less than 3 MV m-l which is three orders of magnitude less than the field required for Fowler-Nordheim emission from metals. Diamond can be n-or p-type doped [9] , and as a semiconductor it exhibits high electron and hole mobility. Its surface is insensitive to exposure to oxygen, water, or air, and unlike other thermionic emitters does not exhibit an (ampere . hour = constant) emission law [lo] . Natural semiconductive diamond (blue, Type IIb) exists because of iincorporated boron [ 111 and not aluminum, as previously assumed. It exhibits p-type behavior with a resistivity of 10-1000 Cl cm. The acceptor level of boron-doped diamond i:3 0.37 eV above the valence band. Type Ia natural diamond contains up to 0.1% nitrogen in aggregate or plate form. Its resistivity is 10l6 R cm, and the donor level is 1.7 eV below the bottom of the conduction band which is too large for its use as an n-type semiconductor. Diamond film growth has been obtained on different substrates such as Si, MO, and Cu [12] .
Fullerenes are new allotropic forms of elemental carbon whose existence and stability 113) (C60 and C70) and prodluction in macroscopic quantifies [ 141 have been reported only recently. In the CS0 molecule the 60 carbon atoms are arranged on the vertices of a 7-A diameter, hollow truncated icosahedron (soccer ball or geodesic structure) having 32 faces, 12 of which are pentagons ancl 20 hexagons. Higher stable fullerenes (C2,,n > 30 such as C70, C84r C76, c 7 8 , etc.) are all composed of three connected networks of C atoms arranged in 12 pentagons and a varying number of hexagons to form spheroidal molecules. The fullerenes are extracted from carbon soot by solution in toluene and evaporation of the toluene. The C~O can be separated from other fullerenes by sublimation. The CGO crystallizes on a face-centered-cubic (fcc) lattice to form a dlirect bandgap semiconductor hith a roughly 1.7-eV bandgap [15] . The ionization potential of C60 gas phase molecule [I61 paper reports on the photoemission characteristics of diamond and fullerene films used as electron emitters for advanced accelerator applications. Relatively high QE's (2.6 . only five times smaller than that of copper) have been measured with 5.73 eV photons incident on a boron-doped diamond film. Section I1 gives a brief description of the photoemission processes. Sections Ill and IV describe the preparation of the diamond and fullerene films. Section V describes the experimental setup. The photoemission1 results are presented in Section VI, the damage results in Section VII, and they are summarized and discussed in Section VIII.
PHOTOEMISSION PROCESSES
One-photon [20] (photoelectric effect 1 and multiphoton photoemission processes from metals [21] . [22] , semiconductors [23] , and insulators [24] have been extensively studied in the past. For multiphoton photoemission to be observed, the incident light intensity has to be large enough so that electrons can absorb n number of photons consecutively to gain enough energy to overcome the material work potential barrier. The signature of such n-photon processes is the nth power dependency of the emitted current density on the incident light intensity. The total current density J generated by a light beam of intensity I and frequency U , incident upon a surface of work function 4, is given by the generalization of the Fowler [25] and DuBridge [26] theory
where n is the order of the n-photon process, A = 120 A cm-2 K-' is the theoretical Richardson coefficient for a clean metal, e is the electron charge, h is the Planck constant, k~ is the Boltzmann constant, and R is the intensity reflection coefficient of the surface for the light of frequency v. The a, coefficient is a material dependent constant that, in a simplified model, includes the probability for an1 electron to absorb a photon of energy hu and the probability for an electron to go through the surface. In the case of a metal, the Fowler function Expression (2) with n = 0 yields the thermionic current density. x [27] . In the case where the value of x is negative, the surface is said to exhibit NEA. In the following paragraphs, the term "work function," i.e., the energy difference between the vacuum level and the Fermi level, will be used in place of the term "photoelectric threshold," i.e., the difference between the vacuum level and the last occupied level. The value of these two parameters are equal for a clean metal but differ for a semiconductor. For laser pulses with fixed full width at half-maximum (FWHM) duration crt and full width spot size area S,, the total emitted charge Q ,
versus the pulse total absorbed energy E ( 5 ) can be written as [from (2)
The order n is obtained from the slope S, of Q versus E on a log-log plot and the value of the b, coefficient from the measurement of Q versus E , both in the Q , c ( E" regime, i.e., in the spacexharge free regime (Section VI-A). The electron yield b, is obtained from the power fit
The QE for a one-photon process is given by Note that it has been assumed in (4) that the electron emission is prompt and thus that the current density follows (2) . In the case of a nonprompt n-photon emission process, the total emitted charge (measured in this experiment) would remain the same if the current density is integrated over a long enough time (> ot). The b, coefficients deduced from the experimental curves also include effects of the real surface, such as presence of oxide or contaminants, that could influence the electron yields. One of the requirements for advanced accelerator applications is for the cathode to produce subpicosecond electron bunches. Only photocathodes illuminated by short laser pulses seem to be able to fulfill that requirement. There is not yet any conclusive measurement of the electron bunch length produced by such cathodes, and the promptness of the electron emission remains an open issue. In the case of metallic photocathodes, more than 98% of the photons transmitted through the surface are absorbed within four skin depths (6) for the incident light wavelength. The conduction band electrons that absorb a photon have a maximum energy above the Fermi level equal to that of the photon, and only those with an energy above that of the vacuum level (e4) will eventually be emitted. The electrons that encounter electron-electron collisions lose most of their energy [28] and will not be emitted. The transit time of 4.6 eV electrons (those likely to be emitted in the case of copper) from four skin depths deep inside the metal (6 = 102 nm for 217 nm light), and the surface is of the order of 34 fs. Based on these arguments, the photoemission process from metallic cathodes can be considered as prompt for laser pulses longer than 100 fs. The promptness of photoemission for transparent materials is a more complex issue. Dopeddiamond is a semiconductor with a relatively low conductivity. It is transparent to visible light and absorbs UV light with photon energy higher than its bandgap (5.45 eV). The relevant parameter for the emission promptness is the mean free path of the excited electrons in the visible range, and the penetration depth of the light in the above bandgap range. The excited electrons' mean free path is expected to be short since the boron-doped diamond conductivity is low. Experiments are in progress at UCLA to determine the excited electron mean free path in metals and in transparent materials.
DIAMOND FILMS PREPARATION
Diamond films are grown by various chemical vapor deposition (CVD) techniques using fluid-hydrogen mixtures as a feed material [29] - [3 11 . The films used in this experiment were obtained by a new process [32] : the plasma enhanced chemical transport (PECT). Carbon was transported by a 400-500 W dc hydrogen plasma from a graphite cathode and deposited as diamond on a (100) silicon substrate placed on an anode. The substrate temperature was about 850°C. The hydrogen was kept static in the plasma chamber at a pressure of 100 torr. Keeping the hydrogen static rather than letting it flow reduced the amount of amorphous carbon in the thin film [32] . Diamond nucleation was low on virgin silicon surfaces (104-106 cm-'). The silicon substrates were polished with 
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---- * The boron-doped diamond films were tested p-type by observing polarity in hot-probe and rectify junction measurement, and exhibited a well-oriented structure. Fig. 1 . SEM picture of the cauliflowm diamond sample surface.
fifth group (pentavalent) such as phosphorous to become an n-type semiconductor. Phosphorus (group V) is expected to be a substitutional dopant, i.e., replace a carbon atom in diamond lattice. Other materials have been theoretically predicted as possible n-type dopants in synthetic diamond. Lithium and sodium (group I) are expected to be interstitial dopants, i.e., fill in interstitial sites in the diamond. The donor level of these ntype dopants is predicted to lie betweein 0.1 and 0.3 eV below the bottom of the conduction band.
An additional doping apparatus was included in the PECT for dopant incorporation during the diamond growth. High dopant concentration was achieved by inserting the solid dopant into the plasma zone above the substrate surface. The dopant which was placed inside a tungsten coil was indirectly heated up by the hydrogen plasma, and the dopant vapor diffused to the substrate surface and codeposited with diamond. Boric anhydride (Purified, J. 'r. Baker Chemical Co.) before the deposition to increase the nucleation to lo6-lo8 cm-2. The observed diamond growth was 1 pm/h. The films were analyzed by scanning eleclron microscopy (SEM), microRaman spectroscopy, and X-ray diffraction (XRD). Surface roughness was measured by a Sloan Dektak I1 profilometer with an horizontal resolution of 0.025 pm and a vertical resolution of 1 A. A cauliflower (Fig. 1) or a well-oriented (Fig. 2 ) diamond structure could be obtained by changing the PECT parameters [32] . The peak at 1334 cm-' in the Ramanshifted spectrum of the well-oriented diamond film, arising from the vibration of the crystal lattice of "C-diamond, was intense and dominated the small and broad peak at 1550 cm-', characteristic of amorphous carbon (graphite-like) commonly designated sp'. The XRD spectrum showed a predominant (1 11) peaks with very small (220) and (31 1) peaks. The same spectra for the cauliflower film showed as much diamond film quality.
Carbon is an element of the fourth group (IV-A) in the periodic table of elements, as is silicon, and diamond and silicon have the same crystal s,tructure. Each carbon atom of the diamond has four neighbors with which it forms covalent bonds in a tetrahedral configuration. Diamond can be doped with elements of the third group (trivalent) such as boron to become a p-type semiconductor or with elements of the was used for boron doping. Characteristics of the diamond samples are given in Table 11 . The boron-doped diamond film was tested p-type by observing polarity in hot-probe and rectifying junction measurement. The resistivity of the doped sample was measured with a four-points probe. The doping concentration of the boron-doped film was 8 . lOI9 cm-3 as measured by secondary ion mass spectroscopy (SIMS).
The surface structure of both doped films was well oriented, predominantly (1 1 l), i.e., the doping clid not alter the surface morphology of the film.
IV. FULLERENE FILMS ~,EPARATION
Fullerene powder, containing more than 95% of c ( 3 0 and the remaining of C~O and higher fullerene, was extracted from the soot produced by resistive heating of graphite. This fullerene powder was evaporated from an alumina crucible which was heated by a tantalum wire to a temperature between 450 and 500°C. Two fullerene films were prepared from a W boat evaporator in vacuum for the photoemission study. The first fullerene sample was deposited at 720 &h for 6.5 h onto a silicon (100) substrate at 100°C at a background vacuum pressure of 8 .
torr. The second sample was deposited by passing fullerene vapor through ani Ar plasma at 2 .
torr and collected on a silicon (100) substrate at 170°C. The a. Pure Fullerene Film r 1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman Shift (cm ') Ar plasma was generated between a tungsten filament and a graphite anode with 20 W dc power. The film was deposited at 1000 h for 2 h. Fig. 3(b) ] exhibits the Raman peak of the C70 at 1560 cm-' distinct features between 1100 and 1200 cm-'. It indicated that the C~O and (270 molecules retained their structure in the fullerene film. The microstructure of the Ar plasma-deposited fullerene changed, and it is very likely that the bonding between each fullerene molecule, i.e., intermolecular bonding, was changed by the presence of Ar during the deposition process. The plain fullerene film dissolved in hot toluene, indicating that only Van der Waals bonding were present in the solid form. However, the Ar plasma-deposited fullerene film was insoluble in hot toluene, indicating that the fullerene molecules were chemically bonded.
V. EXPERIMENTAL SETUP
An ultrafast dye laser is synchronously pumped by a modelocked, frequency doubled Nd:YAG laser to produce 2. from the Nd:YAG laser is amplified in a 5-Hz repetitionrate regenerative amplifier. It is frequency doubled to pump a dye amplifier that amplifies the red pulses to 2 mJ with a pulse broadening factor of 1.3-2.0, depending on the pumping fluence. The red pulse is split by a 50% beam splitter; onehalf is sent through the red delay line, and the other half is frequency doubled (UV, 325 nm; hv = 3.82 eV) in a Type I KDP crystal and sent through the UV delay line. A BG3 filter is placed after the doubling crystal to eliminate the remaining red energy. The red and the UV p-polarized pulses can be combined with a dichroic mirror, overlapped in time, and collinearly sent to a 0.5 mm Type I BBO mixing crystal to produce a UV s-polarized pulse at 217 nm (hv = 5.73 eVj. The 217 nm pulse is separated from the two others by reflection on four 45"-incidence mirrors coated for 217 nm. Since in this experiment the electron yields for different n-photon processes are so different (see Fig. 4 ), the small fraction (<0.5 pJ) of the energy of the 650 and 325 nm pulses that reaches the samples does not contribute to the electron yield measurements. The spot area on the sample was S, = 0.12 cm2 full width at full maximum (FWFM), and the length of the red pulse measured by autocorrelation was 0t.650 = 700 fs (FWHM). The temporal width of the 325 nm UV pulse measured by crosscorrelation with the red pulse in the mixing crystal was ot,325 = 520 fs. The shotto-shot energy of the pulses was monitored by calibrated photodiodes placed behind delay line mirrors or behind one of the wavelength separation mirrors. The temporal width and spot size of the pulses were assumed not to vary from shot to shot for a given set of measurements. The 650 nm pulse had an average intensity of 1.19 GW cm-2 at a 100 pJ energy, and the 325 nm pulse had an average intensity of 16.7 MW cm-' at a 1 pJ energy. The pulsewidth of the 217 nm pulse was not measured in this experiment, but illumination of the samples with pulses at that wavelength yielded only one-photon processes that depend on the pulse energy and not on the pulse intensity [see (2)- (6)]. The intensity of the 217 nm pulse was estimated to be comparable to the 325 nm pulse intensity for the same energy. A computer acquired the data at a 1/2 Hz rate. No averaging was performed; each point on the figures corresponds to an actual laser shot. The photocathode arrangement consisted of a copper holder that accommodates two samples and that was grounded through a 1-MO load resistor and of a hollow anode, placed at a distance of 3.0 mm away from the cathode and biased to a positive potential (+5 kV). The samples were illuminated at normal incidence.
The total time-integrated charge emitted by the photocathode was measured by using a charge sensitive preamplifier with an internal capacitance of 1 pF, placed in parallel with the 1-MO load resistor. Electrical contact between the diamond film and the ground was achieved through the silicon substrate (T = 0.2-25 s1 cm) and through two wires that held the samples in their resting cup.
VI. EXPERIMENTAL RESULTS

A. Comer
Fig . 4 shows the electron charge emitted by a mirror polished (N20 at 10.6 pm) coppier sample ($ = 4.6 eV) illuminated by the three different wavelengths available in this experiment. At low charge ( Q < 1 pC), the charge versus incident energy follows a Qn cx E" dependency, and the measured slopes on the log-log plot S,, of 3.03, 2.01, and 0.99 clearly indicate three-, two-, and one-photon processes expected at the corresponding wavelengths (650 nm, hu = 1.91 eV; 325 nm, hv = 3.82 eV; and 217 nm, hu = 5.73 eV). The electron yields of the samples (6, in (6) , measured in pC pJ-" for an n-photon process) were obtained from the power fit of these curves and are given in Table 111 . At higher charge (Q > 1 pC), the curves bend because of space-charge effects near the cathode sudiice. The space-charge effects could be shifted to a higher charge value by increasing the voltage applied between the c:athode and the anode. In this experiment the electric field at the cathode surface was around 1.6 MV m-l ( 5 kV over 3 mnn) and is expected not to cause any observable lowering of the sample work function 4 by The observed QE for the one-photon process on copper at 217 nm is 1.3 to 1.6 + lop3, compared to a one-photon QE of about 1 .O . 10@ observed at 266 nm under the same conditions [34] . Note that the ratio of these two QE's (130-160) is in very good agreement with the ratio expected from (2) (136.5)
assuming that the A and a1 coefficients remain the same at 266 and 217 nm and assuming that the electron temperature T, remains equal to the room temperature. In at 263 nm reported in [35] but is lower than the value QE = 14.7 . l0F5 at 266 nm reported in [36] . The QE measured at 217 nm is in good agreement with the value QE = 70 lop5 at 211 reported in [37] but is higher than the value QE = 28.6 .
B. Other Photoemitters
at 211 nni reported in [35] .
The work function 4 of the samples was not measured in this experiment. The measurement of the slope of the charge versus energy curves on the log-log plot (S") yields the order n of the n-photon process but gives limited information about the value of 4 of a given sample (see Table IV ). The reflectivity of the films could not be measured, since the surface roughness of the samples scattered the reflected Ilight. The reflection and transmission coefficients of the (1 10) TypeIIa natural diamond was measured (Table VI) . Two samples were analyzed during one set of measurements. The electron yields of the copper sample holder were recorded during each set of measurements. This procedure would take into account the eventual laser pulsewidth or spot shape variation arising from day to day and ensured the reproducibility of the measurements. The values of S1 and bl obtained from the copper mount were found to be very Table VI1 for the three wavelengths; circles: hv = 1.91; squares: hv = 3.82; triangles: pC pJ-', respectively), even though the electron yield for this two-photon process depends linearly on the laser pulsewidth and spot area and quadratically with the surface reflectivity ( R (hv = 3.82 eV) = 0.37 at normal incidence). Variations of S3 and b3 were significantly larger (3.0 f 0. 15, and (392 & 192) . pC PJ-~, respectively), probably resulting from the strong dependency of the three-photon electron yield on small pulsewidth, spot area, and surface reflectivity changes Table V . The values of SI and S2 clearly indicate a one-and two-photon process at 217 nm and 325 nm, respectively, showing that the work function of the samples is between 3.82 and 5.73 eV (Table IV) . This value is consistent with the value @ = 5.15 * 0.08 eV for intrinsic (111) Si measured in another experiment [38] . In that same experiment, the value of q5 has been observed to decrease to about 4.8 eV for heavily p -or n-doped samples (~1 0 '~ cmP3). The b, values are of the order of 1% of the one measured with copper (Table 111) .
2) Diamond Samples: The electron yields of cauliflower and well-oriented pure diamond films and of boron-, p-doped (r = 4.3 10-'R cm, doping 8. lo1' ~m -~) diamond film are shown in Table VII (Fig. 5) exhibits a significantly higher electron yield than all the other samples at UV wavelengths. Its bl value is almost 10 times larger than the undoped sample bl and reaches 20% of the copper mirror 6 1 . Its bz value is about five times larger than the undoped sample S2 and reaches about 5% of the copper mirror b2. Its electron yield at 650 nm is very small and does not exhibit the expected three-photon characteristic.
Electron yields were obtained from the (110) face of a 4.0 x 4.0 x 0.25 mm3 and from the (111) face of a 3.0 x 3.0 x 0.25 mm3 Type IIa natural diamond. An f = 500 mm lens was used to fit the laser beam spot onto the diamond surface. The actual spotsizes at 325 and 650 nm were deduced from the comparison of the electron yields of the copper mount with the two spotsizes. The yields (325 and 650 nm) presented in Table VI1 were scaled to the spotsize without a lens. The electron yields of the natural diamonds and of the cauliflower and well-oriented thin film obtained with UV light are similar. The measured slopes are consistent with the work function value of 5.5 eV obtained previously for pure diamond [6] and approximately 6.0 eV for blue diamond [39] . Note that the laser pulses are incident on the (1 11) surface of three of the SIX samples: the well-oriented, the B-doped, and the (1 11) natural diamond. The reflection and transmission coefficient of the (1 10) Type Ika natural diamond for normal incidence light at the three frequencies available for this experiment were measured using the actual laser pulses. The results are shown in Table VI, the error on R, and T is f0.05. Pure diamond showed no siignificant absorption of the 3.82 and 1.91 eV photons but absorbed about 77% of the incident 5.73 eV photons.
Photoemission from a heavily boron-doped diamond film
(1-10 R cm) deposited on molybdenum has been reported by Fisher et al. [40] . S, values of 1 and approximately 3 were observed with 5 and 2 eV photons, respectively. The electron yield of the diamond film with 2 eV photons was comparable to the yield of a magnesium sample illuminated at 75'. The
QE measured with 5 eV photons was 6 .
) Fullerene Samples:
The electron yields of a pure fullerene and an argon treated pure fullerene sample are shown in Table VIII . The electron yields at the UV wavelength were simall for all the samples, around 1% of the copper values, and the data at 650 nm showed no consistent behavior. The optical absorbance of fullerene [41] is llow for photons with energies below the bandgap energy (2.3-1.6 eV, or 540-770 nm). The absorbance increases to about one for photons with energies above the bandgap energy (6.2-2.3 eV, or 200-540 nm). The measured slopes ( b l and b2) indicate a one-photon process at 217 nm and a two-photon process at 325 nm with both samples, i.e., 3.82 < q3 < 5.73 eV which is inconsistent with the previously measured C60 work function of 6.8 eV [17] .
VII. DAMAGE NIEASUREMENT
For the photoemission processes, the energy of the incident laser pulse was kept low enough so that only electrons (no ions) were produced at the photoemitter surface. Optical damage occurs when the power (long pulse) or the fluence (short pulse) of the laser pulse [42] is large enough to change the configuration of the surface. Melting of the surface and extraction of ions or ablation, i.e., the creation of a surface plasma, are the two main damage processes. In the electron photoemission experiment the photocathode is grounded, and the anode is biased at a positive potential; optical damage manifested itself through a sudden increase of the emitted electron charge andor a strong and random dependency of the observed charge versus the incident energy. The cathode-anode bias voltage polarity was reversed (anode biased at a negative potential) to observe the ion current generated by the laser pulse incident on the photocathode. The nature of the emitted ions was not determined. The onset of ion current was then used as a measure of the damage threshold (DT). In the case of a mirror polished copper photocathode, low level damage was observed to create a cloudiness or a white halo on the surface. Severe damage resulted in the creation of pits and craters on the surface. Fig. 6 shows the electron and ion charges emitted by the machine finish copper holder, the (1 10) Type IIa natural diamond, and the boron-doped film illuminated by 1.91 eV laser pulses focused to 2.7 . lop3 cm'. The anode bias voltage was kept low (f2 or -2 kV) to limit the risk of electrical breakdown between the anode and the cathode. Consequently, most of the electron charge was emitted in the space-charge limited regime, and the three-photon character of the electron charge curves is not apparent in these figures. The measurements were started from the low energy side of the curves to observe the charge emitted before and after the surface was damaged. The electron and ion charges are represented as positive on these figures. In this experiment the minimum measurable charge is 1 lop3 pC. From Fig. 6(a)-(c) , #a threshold value for the onset of positive charge or ion emission can be deduced because of the large observed slope of the charge versus laser energy. The observed energy thresholds are 10, 20, and 250 pJ for the copper, boron-doped diamond film, and natural diamond, respectively, corresponding to fluences of 3.75 + lo3, 7.5 e lo3, and 9.38 . lo4 pJ cm-2. The same measurements were performed at 325 and 217 nm. At 325 nm, the observed threshold fluences were 3.3 . lo2, 5 . lo2, and 1.2 . lo3 pJ cm-2, respectively. The energy threshold was found to increase linearly with the decreasing spotsize, all other parameters kept constant. At 2117 nm, positive charge emission was observed at all energies used (i.e., >1 pJ) with all the samples and with a yield about 20 times smaller than the electron yield. The ion emission probably resulted from ablation of surface hydrocarbon contaminants rather than from damage to the material itself. With all samples, the onset of positive charge emission was usually accompanied by an increase of the emitted electron charge at a slightly higher energy, as can be seen in Fig. 6(a) and (c) . This increase could result from the diminution of the space-charge effect caused by the presence of the emitted ions confined to the sample surface by the applied electric field.
VIII. SUMMARY AND DISCUSSION
The slopes obtained with UV light ( [38] except for the fullerene samples [17] . It is not understood why some of the yields observed with the 1.91 eV photons did not always yield slopes consistent with the ones observed All the samples studied in this experiment showed electron yields of the order of 1% or less of the electron yields of copper (see Fig. 7 ), except for the boron-, p-type diamond film illuminated with UV light. Although this sample exhibited a very low electron yield with the 1.91 eV photons, the yields with the 3.82 and 5.73 eV photons reached 5% and 20% of the respective copper yields. The QE of the boron-doped film is 2.62 . lop4 at 217 nm without any significant Schottky effect. This QE is nine times larger than the QE of the pure diamond samples (Table VII) , including the predominately (1 11) well-oriented film and the (1 11) diamond monocrystal. The coarse measurement of the reflection and absorption coefficients of the (1 10) natural diamond sample showed that the 1.91 and 3.82 eV photons are not significantly absorbed by diamond. Diamond is an indirect bandgap semiconductor and weak optical absorption is expected below 7.3 eV (the lowest energy direct transition), leading to low electron yields at wavelengths longer than 180 nm (diamond is transparent to visible light). Even though the 0.25 mm thick diamond absorbed about 77% of the incident 5.73 eV photons (Table  VI) , its electron yield was small. The doping of diamond could e n h a n c e its electron yield through three effects: 1) an increase of the optical absorption (at a given wavelength) caused by the presence of the doping impurity, 2) a decrease of the surface electron affinity cause by the creation of surface states, and 3) an increase of the conduction band population or an increase of the Fermi level energy (for p-type doping). Each of the three effects may have contributed to the enhancement of the boron-, p-doped UV electron yields. The two fullerene thin films exhibited low electron yields, indicating that pure fullerene is not a suitable material as photoemitter.
The fluence threshold for ion emission, i.e., damage, observed with the natural diamond illuminated by the 1.91 eV ~.
with UV photons, or even with any n-photon process.
photon pulse was 9.38 . lo4 pJ cm-2, i.e., 25 times larger than the threshold observed with copper. The same threshold for the boron-doped diamond film, which exhibited the highest electron yields with UV light, was two times larger than the threshold for copper. The thresholds observed with the 325 nm IJV light were lower and comparable for each sample (< 1.2 . IO3 pJ cm-2). All the samples exhibited ion emission at 217 rim incident light even with the lowest fluence (2.5 . pJ cm-'). Further experiments are currently being performed to determine the nature of the ion emission and its relation to surface damage. The literature on laser-induced damage of materials is abundant, but the comparison between the published results on laser-induced DT remains difficult because of the variety of laser parameters (wavelength, pulsewidth, single or multiple shots), of diagnostics (ion emission, plasma formation, reflection-transmission alteration, visible damage), and of the surfaces condition or preparation. The damage threshold fluence at a given wavelength and for a given material scales as a : ' 2 for laser pulse longer than ot = 10 ps [43] . The threshold for ion emission observed in this experiment with a Type IIa diamond (1.34 . 10l1 W cm-', with 700 fs-650 nm pulses) compares to the threshold for surface melting (6 . 1OI2 W cm -', with 90 fs-620 nm pulses) obtained by observing the changes in surface reflection and transmission of the sample [44] . The DT obtained with the copper sample (5.35 . IO9 W cm-2, with 700 fs-650 nm pulses) is higher than the thre:,holds observed with a (100) copper surface under ultra-high vacuum (6 . lo7 MW cm-2 for ion emission, and 3 . 10' h/IW cmP2 for visible damage with 12 ns-590 nm pulses [45] ). The PECT diamond film used in this experiment was not polished, and possible inclusion of graphite in the films may increase their absorption and thus the observed DT. The copper samples were exposed to air and kept under a modest vacuum 5 P 1 loP6 torr). The DT' s obtained in this experiment are thus more representative of these particular samples than of the intrinsic properties of diamond and copper. Nevertheless, the compilation of the published diamond DT's [46] shows that high-quality polished CVD diamond films exhibit DT's only 15 to 20% lower than these of single crystal diamond. Using published values for DT's (>2. 10' W cm-' for single crystal diamond with 193 rim, 15 ns pulses [47] , and lo9 W cm-' for copper and 266 nm-112 ps pulses [48] ) and the QE's obtained in this experiment with 217 nm light for the boron-doped diamond film and with 266 nm light for the mirror polished copper, one can conclude that the product (QE.DT) for diamond films (2.6 . lop4. 0.8 . 8.5 . lo-' J cmP2. (12 ps/15 ns)l/' 5.0 . lop7 J cm-') and copper (1 . lop5. 1.2. lo-' J cmP2 = 1.2. lop7 J cmP2) are comparable for picosecond pulses.
The results presented in this paper show that the borondoped diamond film (doping 6 . 1019-3 . 10" ~m -~) has EL one-photon electron yield comparable to that of copper at 217 nm and much larger than that of a natural single crystal diamond. Increasing the doping concentration (while preserving the diamond crystallline structure) to increase the electron yield of the diamond film and improving the film quality (uniformity, roughness, graphite content) to increase the damage threshold of the surface could make diamond a suitable uhotoemitter material for RF puns. The repion of the RF cavity illuminated by the UV laser pulse could be coated with a submicron film of p-doped diamond and could become insensitive to exposure to air or to other vacuum contaminants. The behavior of the diamond film in the high amplitude W field environment, as well as the effect of the presence of a semiconducting layer in the W cavity, remain to be studied. With its large work function, diamond requires a laser wavelength shorter than 225 nm to generate a one-photon process necessary for the RF gun stability. Conversely, by using a high-order multiphoton process, electron pulses shorter in duration than the laser pulse could be obtained, in principle, using a diamond cathode which can tolerate a high photon flux before damage [34] .
